Development of neuronal circuits is controlled by evolutionarily conserved axon guidance molecules, including Slits, the repulsive ligands for roundabout (Robo) receptors, and Netrin-1, which mediates attraction through the DCC receptor. We discovered that the Robo3 receptor fundamentally changed its mechanism of action during mammalian evolution. Unlike other Robo receptors, mammalian Robo3 is not a high-affinity receptor for Slits because of specific substitutions in the first immunoglobulin domain. Instead, Netrin-1 selectively triggers phosphorylation of mammalian Robo3 via Src kinases. Robo3 does not bind Netrin-1 directly but interacts with DCC. Netrin-1 fails to attract pontine neurons lacking Robo3, and attraction can be restored in Robo3 À/À mice by expression of mammalian, but not nonmammalian, Robo3. We propose that Robo3 evolution was key to sculpting the mammalian brain by converting a receptor for Slit repulsion into one that both silences Slit repulsion and potentiates Netrin attraction.
INTRODUCTION
Most animal species are Bilateria (Haeckel, 1866) : they have a bilateral symmetry, with a front and a rear and dorsal and ventral sides. The central nervous system of all these species contains special types of neurons, called commissural neurons, which extend their axons in commissures across the longitudinal axis of symmetry (or midline) to connect to target neurons located on the opposite side. The appearance of novel commissural systems or the modification of existing ones has accompanied the emergence of key neurobiological features in vertebrate evolution, such as depth perception, hearing, lung-based breathing, and limb-derived locomotion (Goulding, 2009) . Therefore, while vertebrate brains share a common overall architecture, many neuroanatomical differences can readily be observed as well as differences in their ability to perform specific tasks. For instance, the corpus callosum, which interconnects both hemispheres, and the corticospinal tract (CST), which connects the sensorimotor cortex to the hindbrain and spinal cord, are two commissural projections that only exist in mammals (Shim et al., 2012; Suá rez et al., 2014) .
To investigate how axonal wiring is established during development, several vertebrate and invertebrate models have been used on the reasonable postulate that fundamental aspects of this process are likely to be shared among species (Goodman, 1994) . In most Bilateria, specific sets of cells occupy the midline and express axon guidance molecules that regulate crossing (Ché dotal, 2011; Dickson, 2002) . Two sets of ligand/receptor pairs are crucial in this process: Netrin-1/DCC (Deleted in Colorectal Cancer), which mediates attraction of commissural axons toward the midline, and Slit/Robo (Roundabout), which mediates repulsion of postcrossing axons away from the midline and prevents ipsilaterally projecting neurons from crossing it (Brose et al., 1999; Keino-Masu et al., 1996; Kennedy et al., 1994; Kidd et al., 1999; Kolodziej et al., 1996) . Various molecular interactions between the two pathways allow for a fine-tuning between attraction and repulsion (Ché dotal, 2011) . Surprisingly, although these mechanisms are largely conserved among species, a DCC ortholog appears to be absent from the chicken genome (Phan et al., 2011) , and the commissureless proteins, which are negative modulators of Slit/Robo signaling in the Drosophila nerve cord, might exist only in Diptera (Sarro et al., 2013) . This suggests that commissural axon guidance mechanisms may be more diverse across species than previously appreciated.
In vertebrates, the divergent Robo family member Robo3 plays a key role in midline guidance. Robo3 is expressed by commissural axons of the mouse spinal cord and hindbrain before and during crossing of the ventral midline (the floor plate), and many commissures fail to develop in mice and humans lacking Robo3 (Jen et al., 2004; Marillat et al., 2004; Renier et al., 2010; Sabatier et al., 2004) . Several Robo3 splice variants, including a secreted form, have been described in vertebrates (Yuan et al., 1999; Camurri et al., 2005; Chen et al., 2008; Colak et al., 2013) . How Robo3 controls commissure development at cellular and molecular levels is incompletely understood. Expression of Robo3 on precrossing commissural axons has been proposed to repress Slit/Robo repulsion, thus allowing commissural axons to reach, enter, and cross the ventral midline in response to Netrin-1 attraction-a mechanism that appears to contribute to commissure formation by neurons in the spinal cord and lateral reticular nucleus but not apparently in the inferior olivary nucleus (Di Meglio et al., 2008; Sabatier et al., 2004; Jaworski et al., 2010; Ché dotal, 2011) . In addition, during initial characterization of Robo3, the possibility was raised that Robo3 might also facilitate attraction by the floor plate, independently of Slit/Robo signaling (Di Meglio et al., 2008; Jaworski et al., 2010; Sabatier et al., 2004) . Here, we provide direct evidence for such a role through evolutionary analysis of Robo receptors using structural and computational biology, evolutionary genomics, functional biochemistry, and embryology. Specifically, we show that, unlike all other Robo receptors, including Robo3 receptors in nonmammalian vertebrates, mammalian Robo3 receptors do not bind Slit ligands with high affinity, because of the substitution of a few specific key residues in the Slit/Robo binding domain. Moreover, mammalian Robo3 forms a complex with DCC and is phosphorylated on a conserved tyrosine residue in the presence of Netrin-1 (but apparently without binding it) and contributes to the attractive actions of Netrin-1. Rescue experiments in mice and gain-of-function studies in zebrafish confirm the functional uniqueness of mammalian Robo3 receptors compared to other vertebrate Robo3s.
RESULTS

Unique Structural Features of the Mammalian Robo3 Ig1 Domain
The Robo3 gene is a member of a family of four genes (Robo1, -2, -3, and -4) that emerged from a single Robo gene in an ancestor of vertebrates by tandem duplication, which was further duplicated during two whole genome duplications (WGD) prior to the vertebrate radiation, with subsequent losses ( Figures 1A and 1B) . Today, two copies of the tandem duplication exist in most vertebrate genomes, with the ROBO1 gene located head to head with the ROBO2 gene on human chromosome 3, while the same configuration can be observed for the ROBO3 and ROBO4 pair on human chromosome 11. In vertebrates, the extracellular portion of Robo3 contains five immunoglobulin (Ig) domains and three fibronectin type III repeats, whereas three to four conserved domains (CC0-CC3) can be identified in its intracellular region (Yuan et al., 1999; Sabatier et al., 2004 ; Figure 1C ). The analysis of hSlit2/hRobo1 cocrystals revealed that Slits primarily bind through their second leucinerich domain (D2) to the first Ig domain of Robo1 ( Figure 1E ; Morlot et al., 2007) . Interestingly, in mouse and human, only 70%-77% identity is observed between the Ig1 domains of Robo1/ Robo2 and Robo3 proteins, whereas Robo1 and Robo2 are about 92% identical. By contrast, nonmammalian Robo3 Ig1 domains are 86%-96% homologous to Robo1/2 from the same species ( Figure 1C ). This increased molecular divergence of the mammalian Robo3 Ig1 is suggestive of functional divergence. In line with this, molecular evolution analysis of the Robo3 Ig1 domain shows a marked signal of positive selection in the mammalian branch ( Figure 1D and Figure S1 available online; Tables S1 and S2) . Notably, previous studies had indicated that Slit binding to Robo3 was either weak or absent Camurri et al., 2005; Mambetisaeva et al., 2005) . The alignment of the Ig1 domains of vertebrate Robos indeed revealed that three amino acids, predicted to be essential for hSlit2 binding to hRobo1 (Asn88, Lys90, and Leu130; Morlot et al., 2007) , are conserved in all vertebrate Robo1 and Robo2 and nonmammalian Robo3 sequences but substituted exclusively in mammalian Robo3 ( Figures 1E, 1F , and S1; data not shown). In all mammalian species analyzed (Table S3 ), Robo3 Ig1 always contains a proline instead of an Asn88, an arginine instead of a Lys90, and a proline instead of a Leu130. These substitutions appear to be unique to mammalian Robo3 proteins and were not found in any other bilaterian Robo receptors ( Figure S1 ; data not shown). Of note, the two proline residues are among the sites that show a signature of positive selection ( Figure S1 ; Table S2 ). These observations are compatible with an accelerated evolution of Robo3 in early mammals and suggest that Robo3 might have lost the capacity to bind Slits with high affinity and, therefore, might have a different mechanism of action.
Mammalian Robo3 Proteins Are Not High-Affinity Receptors for Slits
To test this hypothesis, we performed binding assays by applying human Slit1-, Slit2-, or Slit3-alkaline phosphatase (AP) fusion proteins on COS-7 cells expressing the two main splice isoforms of mouse Robo3 (mRobo3A.1 and mRobo3B.2) Sabatier et al., 2004) . The expression and the cell surface localization of Robo3 receptors (wild-type [WT] or mutated) were verified by western blot and cell surface biotinylation experiments (data not shown). Slit-AP fusion proteins did not show detectable binding to cells expressing any of the mouse Robo3 isoforms, whereas they all bound strongly to cells expressing rat Robo1 or Robo2 proteins (Figure 2A ; Figure S2 ). hSlit2-AP also failed to bind to hRobo3A.1 ( Figure S2 ).
To confirm that the three substitutions in Ig1, unique to mammalian Robo3, account for the distinct Slit-binding properties, we used site-directed mutagenesis to introduce these three mutations (N88P, K90R, and L130P) into rat Robo1, alone or in combination, and performed binding with hSlit2-D2-AP. In COS cells, mutated Robo1 constructs were expressed at levels comparable to WT Robo1 and properly targeted to the membrane as determined by cell surface biotinylation (data not shown). Whereas Slit2-D2-AP bound to WT Robo1 (Figure 2A) , it completely failed to bind Robo1 N88P/K90R/L130P and Robo1 L130P (Figures 2B and 2E) . Slit binding to other Robo1 mutants was not affected ( Figure S2 ; data not shown). Yuan et al., 1999) . Identity percentages of vertebrates Robo1, Robo2, and Robo3 Ig1 domains show high conservation of these sequences except in mammalian Robo3 sequences. (legend continued on next page)
In nonmammalian vertebrates (zebrafish, Xenopus, and chick), Slit2-D2-AP bound with high affinity to Robo3, as expected from the conservation of the Ig1 domain in these species ( Figures 2C-2E 2E ; data not shown). These results identify Pro126 in (E) Location of Asn88, Lys90, and Leu130 in the crystallized Slit2-D2-Robo1 Ig1 complex (Morlot et al., 2007) . Slit2-D2 is shown as a blue surface with four key Robo binding residues (Howitt et al., 2004) highlighted in green. The interacting face of Robo1 Ig1 is shown as a cartoon with selected side chains in atomic detail. (F) Alignment of the first Ig domains of mammalian and nonmammalian Robo3 and human Robo1 and Robo2. Ten residues that are involved in Slit2 binding to Robo1 according to the crystal structure of Morlot et al. (2007) are indicated by asterisks. Red asterisks indicate the two substitutions that are not conservative in the Slit-binding domain and detected under positive selection. Mammalian-specific residues are represented in blue; corresponding amino acids conserved in nonmammalians and other Robos are represented in red. Sequence numbers are indicated at the top for human Robo3 protein and at the bottom for human Robo1. See also Figure S1 . mammalian Robo3 as a key residue responsible for the lack of high-affinity Slit2 binding.
It was previously predicted that the active Robo receptors might be dephosphorylated (Bashaw et al., 2000) . Accordingly, Slit2 induced a significant tyrosine dephosphorylation of zebrafish Robo3 expressed in COS cells ( Figure 3A) . By contrast, Slit2 did not modify the phosphorylation level of mouse Robo3, as expected from the lack of detectable binding ( Figure 3A) . ), which does not bind Slit2 (see also Figure 2 ), is not modified by Slit2, whereas mutated mouse Robo3 (mRobo3 3xmut , i.e., mRobo3
) behaves like nonmammalian Robo3 and is dephosphorylated by Slit2 (56.55% ± 13.51 of control, n = 8, **p = 0.0015). a-pTyr, a-phosphotyrosine; ns, not significant. (C) Netrin-1 increases phosphorylation of mRobo3 (447.79% ± 17.81 of control, n = 10 experiments, ****p < 0.0001) but has no effect on zRobo3 (78.93% ± 25.62 of control, n = 3, ns). Histograms represent quantification of phosphosignals normalized to total Robo3 amounts, Mann-Whitney U test. (D) Netrin-1 stimulation of COS-7 cells expressing WT (wt) or mRobo3 mutated at either position 1002 (Y1002F) or 1019 (Y1019F) shows that mRobo3 is selectively phosphorylated on Y1019, since a phosphodead mutant at this position lacks a phosphorylation response (Y1002F: 126.61% ± 16.55 of control; Y1019F: 29.54% ± 5.85% of control, n = 6, repeated-measures one-way ANOVA with Bonferroni-corrected comparison for selected pairs of means without correction for multiple comparisons; error bar indicates SEM; **p < 0.01, ***p < 0.001).
(E) The Src-kinase inhibitor PP2 leads to complete inhibition of phosphorylation on endogenous Robo3 in mouse P19 cells. Phosphorylation response was quantified by immunoblotting and densitometric analysis (+Netrin-1: 344.69% ± 165.77 of control; +Netrin-1 +PP2: 4.06% ± 2.08 of control; n = 4, repeated-measures one-way ANOVA with Bonferroni-corrected comparison for selected pairs of means without correction for multiple comparisons, error bar SEM; ****p < 0.0001). (F) The phosphorylation of mRobo3 was compared by phosphotyrosine-specific immunoblots of COS-7 cells coexpressing mRobo3 and WT or dominant-negative K295M c-Src constructs, and phosphosignal was quantified The Ig1-mutated zebrafish Robo3, unable to bind Slit2 with high affinity, was not dephosphorylated by Slit2 ( Figure 3B ). Strikingly, the Ig1-mutated mouse Robo3, which effectively binds Slit2, showed a higher phosphorylation level than WT Robo3 and was dephosphorylated by addition of Slit2 ( Figure 3B ). These results strongly support the hypothesis of a functional change in the Ig1 domain of the Robo3 protein before the mammalian radiation, which led to a loss of high-affinity Slit binding.
Netrin-1 Phosphorylates Mammalian Robo3 via Src Kinases
We next assessed whether mammalian Robo3 could respond to midline guidance cues other than Slits. We focused on Netrin-1, as it was previously suggested that Robo3 might mediate an attractive response to midline cues in addition to counteracting a repulsive one (Di Meglio et al., 2008; Jaworski et al., 2010; Sabatier et al., 2004) , since both mechanisms could help explain the lack of commissures in Robo3-deficient embryos. We did not detect significant binding of Netrin-1-AP to any vertebrate Robo3 receptors tested ( Figure S3A ). However, the tyrosine phosphorylation of mammalian Robo3 was significantly increased by application of Netrin-1, whereas the phosphorylation of a nonmammalian Robo3 receptor was unchanged in presence of Netrin-1 ( Figure 3C ). To further characterize this process, we identified the tyrosine residue in Robo3 that is phosphorylated in presence of Netrin-1. The cytoplasmic domains of all mammalian Robo3 receptors contain ten conserved tyrosines. We found that substituting tyrosine 1019 in the CC0 domain for phenylalanine (Y1019F) led to a complete abolishment of Netrin-1-induced Robo3 phosphorylation (Figures 3D), although the cell surface expression of the mutated receptor was not affected ( Figure S3B ). By contrast, mutating the neighboring Y1002 (Y1002F) had no effect on Robo3 phosphorylation (Figure 3D) . To identify the kinase involved, we used two different algorithms for phosphomotif identification to analyze the Robo3 cytoplasmic domain for consensus sequences targeted by tyrosine kinases (Amanchy et al., 2007; Blom et al., 1999) . This analysis identified Y1019 as a potential target for Src-family kinases. The pharmacological kinase profiling of Robo3 phosphorylation was facilitated by the use of mouse P19 carcinoma cells, which express high levels of endogenous Robo3 (Yuan et al., 1999) that is also phosphorylated on cytoplasmic tyrosines in presence of Netrin-1 ( Figure 3E ). To obtain pharmacological evidence supporting the involvement of Src kinases in Robo3 phosphorylation, we used PP2, a common inhibitor of Src-family kinases. PP2 abolished the tyrosine phosphorylation of mouse Robo3 induced by Netrin-1 ( Figure 3E ). A comparable phosphorylation decrease was observed with a second Src-family kinase inhibitor [designated LckI; 7-cyclopentyl-5-(4-phenoxyphenyl)-7H-pyrrolo[2,3-d]pyrimidin-4-ylamine] that exhibits better selectivity than PP2 over other cytoplasmic tyrosine kinases (Anastassiadis et al., 2011; Figure S3C) . To distinguish between Src-family kinases and c-Abl, we tested an inhibitor allosterically targeting c-Abl (GNF2; Choi et al., 2009 ) and did not observe any effect on Robo3 phosphorylation in P19 cells ( Figure S3D ). Finally, we overexpressed WT or dominant-negative c-Src (K295M; Sandilands et al., 2004; Twamley-Stein et al., 1993) in COS cells coexpressing mouse Robo3. We found that the presence of dominant-negative c-Src abolished Robo3 phosphorylation (Figure 3F) , suggesting that Src-family kinases-and, possibly, c-Src and not c-Abl-are mediating the phosphorylation of mouse Robo3 phosphorylation on Y1019 induced by Netrin-1. Notably, Y1019 is conserved in all Robo receptors, from Drosophila to humans ( Figure 3G ). Taken together, these data show that, during evolution, mammalian Robo3 not only lost high-affinity binding to Slits but also acquired the ability to be phosphorylated in presence of Netrin-1, which presumably occurs indirectly via another Netrin-1 receptor(s), given the lack of high-affinity binding of Netrin-1 to Robo3 ( Figure 3H ).
Robo3 Is in a Molecular Complex with DCC
Previous studies showed that DCC can form a complex with Robo1 (Stein and Tessier-Lavigne, 2001 ). Although mammalian Robo3 lacks the CC1 domain that was proposed to mediate the DCC/Robo1 interaction, we nevertheless tested if Robo3 and DCC receptors could also interact. We first performed coimmunoprecipitation studies using embryonic day (E)14.5 mouse hindbrain extracts and found that DCC could be coimmunoprecipitated with Robo3 ( Figure 4A ). The specificity of the immunoprecipitated bands was confirmed by their absence when extracts from DCC À/À embryos or Robo3 À/À embryos were used ( Figure 4A ). Quantification of immunoprecipitated Robo3/ DCC proteins indicated that about 15% of Robo3 was bound to DCC. However, an interaction was still observed in extracts from Netrin-1 À/À embryos ( Figure 4A ), suggesting that the ligand is not crucially important for basal complex formation. Robo3/ DCC interaction was also detected in human embryonic kidney 293 (HEK293) cells cotransfected with DCC and Robo3 independently of addition of exogenous Slit-2 or Netrin-1 ( Figures 4B and  S4 ). Full-length DCC and a truncated Robo3, lacking its extracellular domain, could still interact ( Figure S4 ). The DCC/Robo3 interaction was also maintained with a Robo3 construct lacking its third conserved cytoplasmic domain (CC3 domain; Figure S4 ). However, DCC failed to bind to a mutant Robo3 receptor lacking both CC2 and CC3 domains, suggesting that the DCC cytoplasmic domain might bind to the CC2 domain of Robo3 or between the CC2 and CC3 domains ( Figure 4D ). Next, we generated a mutant DCC lacking its P3 domain (DCC-DP3), which mediates DCC binding to Robo1 (Stein and Tessier-Lavigne, 2001 ). DCC-DP3 was unable to bind to Robo3 ( Figure 4C ). Together, these results show that Robo3 and DCC are in a receptor complex and that Netrin-1 binding to DCC can induce Robo3 phosphorylation (see Discussion). Although the phosphorylation of zebrafish Robo3 is not modified by Netrin-1, we could coimmunoprecipitate it with zebrafish DCC in transfected 293 cells ( Figure S4 ).
Robo3 Is Required for Attraction of Commissural
Neurons by the Floor Plate and Netrin-1 What could be the evolutionary selective advantage of the molecular switch in Robo3 ligand properties and its influence on commissural systems? During development, Robo3 is expressed by all hindbrain and spinal cord commissural systems, including precerebellar neurons of the pontine nucleus (PN), which project their axons across the floor plate as mossy fibers
Neuron
Signaling Switch of Robo3 to granule cells in the contralateral cerebellum (Marillat et al., 2004) . It is interesting that, among vertebrates, PN neurons have been identified only in mammals and birds (Wullimann et al., 2011) . In mammals, PN neurons arise dorsally in the rhombic lip (RL) and migrate in a compact stream (the so-called anterior extramural stream) (Altman and Bayer, 1987) across several rhombomeres before turning ventrally toward the floor plate ( Figures 5A-5C ). In the mouse embryo, this migratory stream could be visualized between E15.5 and E17.5 with markers such as the transcription factors Barhl1, or by GFP expression following in utero electroporation in E13.5 embryos ( Figures 5A-5C ). Using these tools, we found that, in Robo3
embryos, the first migration phase of Barhl1+ PN neurons was indistinguishable from that of WT mice ( Figures 5D-5F ). However, after the PN neurons passed the root of the trigeminal nerve and initiated the ventral turn, the leading processes of Robo3-deficient PN neurons turned dorsally, thereby preventing PN neurons from approaching the midline. PN migration defects were highly similar in Netrin-1 knockout (KO) mice ( Figure 5G ). PN neurons were also previously reported to be absent in DCC À/À embryos (Fazeli et al., 1997; Yee et al., 1999) . GFP electroporation revealed that PN neurons were still present in the DCC KO but that they did not reach the ventral midline (n = 11/ 11 embryos; Figure 5H ). However, unlike in the other two mutants, PN neuron migration was also perturbed during the first phase, with small chains of neurons leaving the main stream to migrate ventrally or dorsally, before the root of the trigeminal nerves (n = 11/11 embryos; Figure 5H ). Although the PN migration defects were more severe in the DCC KO than in the Robo3 KO and Netrin-1 KOs, these data raised the possibility that both Robo3 and DCC are required to mediate the attraction of PN neurons after they initiated their ventral turn. Immunostaining for DCC in the Robo3 KO showed that DCC was normally expressed by Robo3-deficient PN neurons ( Figure 5I ). In addition, there was no significant (p > 0.05, ns, n = 3-5 for each genotype) difference in the cell surface expression (as measured by biotinylation) of either DCC in Robo3 À/À embryos or of Robo3 in DCC À/À embryos ( Figures 5J-5L ). This rules out the possibility that a downregulation of DCC in Robo3 KO could explain the lack of attraction of PN neurons in these mutants.
To determine more directly if Robo3 is required for attractive responses of PN neurons, lower RL explants from E14.5 embryos (from Robo3 +/À intercrosses and, therefore, containing
with GFP at E13.5, were dissected and cultured in collagen gels next to E11.5 floor plate explants. In this strategy, the only cells expressing GFP were PN neurons ( Figure 6 ). In WT explants, many streams of GFP+ neurons migrated toward the floor plate ( Figure 6A ). Strikingly, although GFP+ neurons were observed migrating inside explants from Robo3 À/À embryos, exit of these cells into the collagen gel, reflecting attraction by floor plate, was suppressed (Figures 6B and 6F ; Movie S1). Since Netrin-1 attracts PN neurons (Alcá ntara et al., 2000; Yee et al., 1999) , RL explants were cultured next to aggregates of Netrin-1-expressing cells. In WT explants, chains of Pax6+ PN neurons migrated toward Netrin-1-expressing cells (Figures 6C and 6D ). By contrast, in the case of explants from Robo3 À/À embryos, no migration was observed toward
Netrin-1-expressing cells, even though these cells contained functional DCC on their surface (Figures 5, 6E , and 6G). We also tested the response of DCC-deficient PN neurons to Netrin-1 ( Figure S5 ). Rodriguez and Dymecki, 2000) . As in the full KO, PN neurons were unable to reach the ventral midline in Wnt1:Cre; Robo3 lox/lox embryos ( Figure 7A ).
For rescue experiments, E13.5 embryos were unilaterally electroporated in the RL with plasmids encoding either mouse Robo3A.1 or zebrafish Robo3A.1, together with GFP, and embryos were collected at E16.5-E17.5. Both constructs were 
Signaling Switch of Robo3 expressed in electroporated PN neurons as shown by Robo3 immunostaining, in situ hybridization, and western blot analysis ( Figure S6 ). In all Robo3 mutant embryos electroporated with mouse Robo3A.1 (n = 8/8), many Robo3+ PN neuron axons crossed the floor plate (Figures 7A and 7B ; Figure S6 ). Moreover, chains of electroporated PN neurons left the main migratory stream and reached the ventral midline. Barhl1 and Pax6 immunostaining showed that the distance separating the floor plate from the main stream of migrating PN neurons was significantly reduced on the electroporated (rescued) side as compared to the nonelectroporated side ( Figure S6 ). The average ratio of the PN-to-midline distances between the electroporated and nonelectroporated sides was 0.55 ± 0.05 SEM (n = 4 embryos) for rescued embryos, compared to 1.05 ± 0.09 SEM (n = 5 embryos) for controls (t test, p = 0.00208). By contrast, Robo3-deficient PN neurons expressing zebrafish Robo3 were still deflected dorsally, and their axons did not approach the floor plate ( Figures 7C, 7D , and S6; n = 8/8 embryos; ratio, 1.03 ± 0.003 SEM, from four embryos). The fact that mouse Robo3 but not zebrafish Robo3 can rescue midline attraction in Robo3-deficient PN neurons supports the model that Robo3 from mammalian and nonmammalian species are functionally distinct and not redundant in their mechanism of action in commissural neurons. In further support, the mutated Robo3 receptor lacking the CC2-CC3 domain and unable to interact with DCC failed to rescue midline turning (n = 4/4; Figure S6 ). Likewise, Robo3 À/À PN neurons expressing the Robo3 Y1019F receptor failed to reach the midline, and their leading process did not cross it (n = 4/4; Figure S6 ). This validates the functional importance of the CC2-CC3 cytoplasmic region and the phosphorylation of tyrosine 1019 in mediating Robo3 attraction. To further investigate the phenotypic effects of adding mammal-specific substitutions to nonmammalian Robo3A.1 protein, we made use of the zebrafish Mauthner (MA) cell model, a pair of large neurons that project a commissural axon across the midline (Korn and Faber, 2005) . MA axons express Robo3 during crossing and fail to cross the midline in Robo3 mutant fish (Burgess et al., 2009 transgenic zebrafish Robo3 constructs was heat induced at 18 hr postfertilization (hpf), while MA axons are actively crossing the midline (Miyashita et al., 2004) . Embryos were fixed at 72 hpf, and MA axons were labeled by whole-mount immunohistochemistry using anti-3A10. Heat shock treatment did not affect midline crossing of MA axons in WT controls or in hsp70l:zrobo3a.1 L125P and hsp70l: zrobo3a.1 N83PK85RL125P embryos ( Figures 7E, 7G , and 7H). In contrast misexpression of WT zrobo3a.1 resulted in extra midline crossing events of MA axons ( Figure 7F ). Quantification revealed that upon misexpression of zrobo3a.1, 30% of the embryos analyzed (n = 192) showed additional midline crossing events of either one or both MA axons. In contrast, additional MA axon crossing events were only rarely observed in WT controls (1.5%; n = 206 embryos) or in embryos expressing zrobo3a.1
L125P
(2.5%, n = 119 embryos) or zrobo3a.1 N83PK85RL125P (2%; n = 209 embryos). Our findings show that zebrafish Robo3a.1 promotes MA axon midline crossing and that mutating either L125P or N83P-K85R-L125P (to abolish high-affinity Slit binding) perturbs this function. Taken together, these observations support that Robo3 from mammalian and nonmammalian species have functionally distinct mechanisms of action.
DISCUSSION Unique Function of the Mammalian Robo3 Receptor in Axon Guidance
Our results suggest that a few mutations in the Ig1 domain of mammalian Robo3 contributed to switch its function from being a Slit receptor to being a component of an attractive Netrin-1 receptor mechanism, at least for PN neurons and spinal cord commissural axons. This function appears to be in addition to the role of Robo3 in silencing Slit repulsion via Robo1 and Robo2, observed in the spinal cord and lateral reticular nucleus Jaworski et al., 2010; Sabatier et al., 2004) . In most invertebrates and vertebrates, Robo receptors control axon guidance at the midline of the nervous system by mediating axon repulsion upon binding Slit ligands (Brose et al., 1999; Hao et al., 2001; Kidd et al., 1998 Kidd et al., , 1999 . Accordingly, many studies have shown that, in Robo and Slit mutants, cells or axons invade or remain in territories they normally avoid or just cross, such as the CNS midline. Therefore, the absence of hindbrain and spinal cord commissural tracts in Robo3 KO mice (Marillat et al., 2004; Sabatier et al., 2004) and patients suffering from horizontal gaze palsy with progressive scoliosis (Jen et al., 2004) was an unexpected finding: why would fewer axons cross the floor plate if the purpose of Robo3 was to mediate repulsion and if, in its absence, Slit repulsion was reduced? In the spinal cord, the Robo3.1 isoform is only expressed in precrossing commissural axons Colak et al., 2013) , and precrossing commissural axons from Robo3 KO mice are repelled by Slit, unlike WT commissural neurons, which are not . This led to the hypothesis that Robo3 does not act to mediate Slit repulsion but rather acts as a negative regulator of Slit/Robo repulsion in precrossing axons. That model was further supported by the significant rescue of midline crossing in the spinal cord and lateral reticular nucleus of Robo1/2/3 compound KOs (Di Meglio et al., 2008; Jaworski et al., 2010; Sabatier et al., 2004) . However, such rescue in Robo1/2/3 triple KO is not observed in inferior olivary axons (Di Meglio et al., 2008) or PN neurons (P.Z. and A.C., unpublished data), suggesting that, in at least some commissural neurons, Robo3 might function independently of other Robo receptors. During the initial study of Robo3 KO mice, the formal possibility was raised that, in addition to repressing Slit repulsion, Robo3 might function by contributing to midline attraction, as this possibility was also compatible with available data . Indeed, we show here that Robo3-deficient PN neurons are unable to reach the ventral midline in vivo and that they are unresponsive to the attractive action of the floor plate and Netrin-1 in vitro, thus suggesting that Robo3 is required for attraction of these neurons. Moreover, through quantitative analysis of spinal commissural axon responses, we show that mammalian Robo3 also potentiates the response of these axons to Netrin-1. Thus, our results establish that mammalian Robo3 participates in mediating attractive responses, in addition to its role in repressing Slit repulsion in some cells.
Robo3's mechanism of action in nonmammalian vertebrates is still unclear, mostly because of the lack of animal models. However, the reduction of MA axon crossing in Robo3 twitch/twice mutant (Burgess et al., 2009 ), the MA axon recrossing phenotype after Robo3 misexpression, and the analysis of dopaminergic axon guidance in Robo3/Robo2 (astray) double mutant fish (Schweitzer et al., 2013) support a model in which zebrafish Robo3, like mammalian Robo3, promotes midline crossing by counteracting Slit/Robo repulsion but does so by binding Slits in an obligate fashion. Robo3 could block Slit/Robo repulsion by binding to Robo1/2, by titrating Slit, or by acting on downstream components, among other hypotheses. Some commissures do persist in the hindbrain of the twitch/twice Robo3 fish mutant (Burgess et al., 2009; Schweitzer et al., 2013) , and the knockdown of Robo3 in chick spinal cord commissural neurons results in complex midline phenotypes affecting pre-and postcrossing commissural axons (Philipp et al., 2012 ), which appears different from what is seen in Robo3 KO mouse embryos where crossing was fully prevented Sabatier et al., 2004) . This suggests that, in nonmammals, Robo3 might have various axon guidance activities outside midline crossing. This is reminiscent of the Drosophila, where the three Robo receptors (Robo1-3) all require Slits but have different functions in commissure formation: Robo1 prevents crossing, Robo2 promotes crossing, and Robo3 does not influence crossing (Rajagopalan et al., 2000; Simpson et al., 2000; Spitzweck et al., 2010) . This was attributed to differences in specific cytoplasmic domains in each Robo receptors. Although we showed that Netrin-1 induces the phosphorylation of a conserved tyrosine residue (Y1019) in mammalian Robo3, our preliminary data suggest that mutating this tyrosine in zebrafish (Y1024F) Robo3 is not sufficient to abolish its basal phosphorylation. This residual phosphorylation of the zRobo3 Y1024F could stem from a tyrosine in CC1, which is absent in mammalian Robo3 (data not shown).
Mammalian Robo3 Binds to DCC and Is Activated by
Netrin-1 Our study shows that mammalian Robo3 is not a high-affinity receptor for Slits. Results from previous studies were ambiguous but suggested that Robo3B, but not Robo3A, receptors could bind Slits, albeit with much lower affinity than Robo1 and Robo2 Mambetisaeva et al., 2005; Sabatier et al., 2004) . This was puzzling, as Robo3A and 3B have identical Slit-binding Ig domains (their differences are N terminal of the Ig1 domain) and also because it is unclear whether Robo3B even has a signal peptide. We also note that Robo4 is now believed to be unable to bind Slits with high affinity, even though initial studies suggested that it did (Jones et al., 2008; Koch et al., 2011) . Slit2-AP did not bind to mammalian Robo3 receptors in our cell-based assay but bound tightly to nonmammalian Robo3 receptors, and we identified amino acid substitutions in the first Ig domain that are responsible for this distinction. We also identify amino acids in the first Ig domain of mammalian Robo3 that are required for high-affinity Slit binding to other Robos but that appear to have specifically changed during evolution in the mammalian branch, apparently under a regime of positive selection. This suggests that, during vertebrate evolution, mammalian Robo3 lost the ability to bind Slits but also gained the ability to be phosphorylated by Netrin-1, possibly a crucial necessity to function in a chemoattractive receptor complex. (Ackerman and Knowles, 1998; Bloch-Gallego et al., 1999; Di Meglio et al., 2013; Keino-Masu et al., 1996; Kim and Ackerman, 2011; Leonardo et al., 1997) . There is a premature migration toward the ventral midline of a subset of PN neurons in Unc5c and Unc5b KOs (Di Meglio et al., 2013; Kim and Ackerman, 2011) , suggesting that Unc5B and Unc5C act as repulsive receptors in at least a subset of PN neurons. However, the distinct PN migration defects in Robo3 and Unc5 KOs suggest that PN attraction toward Netrin-1 is not mediated by a Robo3/ Unc5 complex. By contrast, in DCC KO mice, the ventral turning of PN neurons is perturbed, as is their attractive response to Netrin-1 (see also Yee et al., 1999) . Together, these observations suggest that Robo3 might cooperate with DCC to mediate Netrin-1 attraction in PN neurons. The same is also presumably true in spinal commissural neurons, since DCC is required for outgrowth in response to Netrin-1 in the assay used here (Keino-Masu et al., 1996; Xu et al., 2014) . The interaction between Robo3 and DCC could either be direct or involve adaptor proteins such as Nck, which has been shown to interact with both DCC and Robo cytoplasmic domains (Fan et al., 2003; Li et al., 2002) . We show here that zebrafish DCC and Robo3 can interact, suggesting that the different signaling properties of mammalian and nonmammalian Robo3 receptors in response to Netrin-1 are not due to a differential binding between DCC and Robo3. This is somehow expected, as previous studies showed that Robo1 also binds to DCC in a Slit-dependent manner (Stein and Tessier-Lavigne, 2001 ), but in this case, Robo1 silences Netrin-1/DCC-mediated attraction, whereas DCC does not modulate Robo1. Although all Robo3 receptors contain three highly conserved cytoplasmic domains (CC0, CC2, and CC3) there is a high variability outside these domains. Moreover, mammalian Robo3 lacks the CC1 domain present in other Robo receptors. These differences probably account for the distinct responses to Netrin-1.
A Role for Robo3 in the Evolution of Mammalian Motor Circuits?
A key event in the evolution of the nervous system in eutherian mammals was the appearance of two major commissural systems, the corpus callosum and the CST (Richards et al., 2004) . CST axons convey motor outputs from the cortex to motor neurons, either directly, as in primates, or indirectly via interneurons, as in rodents (Canty and Murphy, 2008) . During their descent to the spinal cord, CST axons send collateral branches to PN neurons (Heffner et al., 1990 ; O'Leary and Terashima, 1988) in response to a still-unidentified chemoattractant. This corticopontine projection allows a copy of motor commands to reach the cerebellum, which is essential for motor planning and the control of fine movements. Previous studies supported a correlated evolution of the cortex and cerebellum in mammals (Barton, 2012) , but the anatomical correlates were unknown. Our results suggest that a small number of adaptive mutations of Robo3 in mammals, leading to the formation of a ventral PN, might have facilitated, through CST branches, the connection of the cortical motor system to the cerebellar system, thereby improving the planning and learning of motor tasks in mammals. In vertebrates, PN neurons have only been observed in mammals and birds (Wullimann et al., 2011) . However, the anterior extramural migratory stream of PN neurons has only been described in mammals, and preliminary experiments suggest that it does not exist in chick (A.C. and P.Z., unpublished data). The in vivo rescue experiments show that mouse PN neurons expressing nonmammalian Robo3 are not able to reach the floor plate. This suggests that the evolution of Robo3 in mammals might have allowed PN neurons to reach the floor plate, thereby placing them on the pathway followed by CST axons. Although spinal cord commissural neurons do not migrate to the floor plate, our explant cultures show that Robo3 potentiates the Netrin-1 response in this commissural system as well. Therefore, mutations of mammalian Robo3 might have also facilitated the ability of commissural axons to read the Netrin-1 gradient in larger brains. Of note, 12 additional sites in the mammalian Robo3 Ig1 domain appear to have undergone positive selection (Table S2 ) and were not characterized here. These may either participate in a noncritical way to the change in Slit repulsion described here or may be involved in additional roles of the Robo3 Ig1 domain or binding with other Robo partners.
In conclusion, while much of the past analysis of axon guidance mechanisms has appropriately focused on their evolutionary conservation, our results illustrate how subtle adaptive changes in the sequence of an axon guidance receptor can lead to fundamental changes in its function and distinct neuronal circuits, helping to understand the emergence of specific sensory, motor, and cognitive functions and why they differ between species.
EXPERIMENTAL PROCEDURES
Analysis of Robo Genes
We extracted the annotated protein and coding sequence (CDS) of Robo1, Robo2, and Robo3 in multiple vertebrate genomes from the Ensembl database (Flicek et al., 2014) and the National Center for Biotechnology Information. Multiple alignments of the protein sequences were performed using T-Coffee (Notredame et al., 2000) and reverse-translated in a CDS multiple alignment using the corresponding Robo CDSs. Phylogenetic gene trees were constructed using the TreeBest pipeline (Vilella et al., 2009) and reconciled with the known species tree. To identify positive selection in Robo3, we compared the relative rates of synonymous and nonsynonymous substitutions (u = dN/ dS) using the PAML package (Yang, 2007) . The branch-site model was used to test each branch separately. In this model, the u ratio varies both among sites and among lineages, thus making it possible to detect positive selection that affects only a few sites along a few lineages. Models were evaluated using likelihood-ratio tests (LRTs) and chi-square tests of significance. Sites with Bayes Empirical Bayes (BEB) scores higher than 0.5 were considered indicative of positive selection. We used ClustalW multiple alignments of Robo sequences to calculate identity percentage between Robo Ig1 domains.
Expression Plasmids
See Supplemental Experimental Procedures for origin and details of the plasmids used in this article.
Mouse Strains and Genotyping
Netrin-1 (Serafini et al., 1996) , DCC (Fazeli et al., 1997) , Robo3 , and Robo3 lox (Renier et al., 2010 ) knockout mice and the Wnt1::cre line (Rodriguez and Dymecki, 2000) were previously described and genotyped by PCR. The day of the vaginal plug was counted as E0.5. Mice were anesthetized with ketamine (100 mg/ml) and xylazine (10 mg/ml). All animal procedures were carried out in accordance with the institutional guidelines of INSERM, UPMC, and the University of Freiburg.
Zebrafish Transgenesis
See the Supplemental Experimental Procedures.
Immunohistochemistry
Collagen explants and mouse embryos (until E16) were fixed by immersion in 4% paraformaldehyde in 0.12 M phosphate buffer, pH 7.4, for 1 hr at room temperature (RT). Whole hindbrains and collagen explants were blocked in 0.2% gelatin in PBS containing 0.25% Triton X-100 for 2 hr RT and incubated overnight at 4 C with rabbit anti-human Barhl1 (Sigma), goat anti-human Robo3 (R&D Systems), rabbit anti-mouse/human Pax6 (Chemicon), and mouse anti-beta-III-tubulin (TUJ1, Covance), followed by species-specific secondary antibodies directly conjugated to fluorophores (Cy-5, Cy-3; Alexa-Fluor from Jackson ImmunoResearch or Invitrogen). Hindbrains and explants were examined under a fluorescent microscope (DMR6000, Leica) or a confocal microscope (FV1000, Olympus).
Cell Culture, Explant Culture, Immunoprecipitation, and Western Blotting Please refer to the Supplemental Experimental Procedures.
Binding Assay HEK293 cells (cell line from human embryonic kidney, Ad5 DNA transformed; American Type Culture Collection) were transfected with various Slit-AP or Netrin1-AP plasmids using Lipofectamine 2000 reagent and grown for 48 hr. The supernatant was used directly without further purification. AP activity was measured as previously described (He and Tessier-Lavigne, 1997) , and the presence of the fusion protein in the supernatant at the expected molecular weight was confirmed by western blot with anti-AP antibody (1:6,000; GenHunter). Robo-AP, Slit-AP, and Netrin1-AP binding on COS cells expressing Robos, DCC, or Slit1-3 was performed as previously described (Renaud et al., 2008) . Binding affinity was calculated as described in the Supplemental Experimental Procedures.
In Utero Electroporation
In utero electroporation of PN neurons was performed as described previously (Kawauchi et al., 2006) , with some modifications described in the Supplemental Experimental Procedures.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures, seven figures, three tables, and one movie and can be found with this article online at http://dx.doi.org/10.1016/j.neuron.2014.11.004.
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